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Abstract

3D-QSAR models of Comparative of Molecular Field Analysis (CoMFA) and Comparative of Molecular Similarity Indices Analysis
(CoMSIA) of 61 potent carbonic anhydrase II (CAII) sulfonamide inhibitors were performed using two methods. The conventional ligand-based
3D-QSAR studies were performed based on the lower energy conformations employing database alignment rule. The receptor-based 3D-QSAR
models were also derived using bioactive conformations obtained by docking compounds to the active sites of CAII. The receptor-based model
gave q2 values of 0.623 and 0.562, r2 values of 0.986 and 0.987 for CoMFA and CoMSIA, respectively, which were much better than those of
ligand-based model (q2 values of 0.532 and 0.466). The predictive ability of the models was validated using the test set of 10 compounds that
were not included in the training set of 51 compounds. Results of CoMFA and CoMSIA suggested that heterocyclic sulfonamides are more
active than aromatic sulfonamides, in the latter 1,3,5-triazole group substituting one hydrogen atom of the amido is favored and moderate groups
in its 4- and 6-position are required. These results provided further understanding of the relationship between the structural features of CAII and
its activities, which should be applicable to design and find new potential CAII inhibitors.
� 2006 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Carbonic anhydrases (CAs) are a family of zinc metallo
enzymes, which catalyses the reversible hydration of CO2

and water: CO2þH2O 4 HþþHCO3
�. Five types of CAs

including a-, b-, g-, d- and 3-CA are ubiquitously found in
almost all kinds of organisms except fungi. All known CAs
from higher vertebrates are of a-type, in which seven isoen-
zymes are found in human being including carbonic anhydrase
II (CAII; E.C. 4.2.1.1) [1,2].

hCAII, the first zinc(þþ) metallo enzyme found in 1940, is
one 29.3-kDa protein with 260 amino residues. It is the most
efficient isoenzyme for CO2 hydration with kcat of about
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1.6� 106 s�1 at 25 �C and pH 9 [1]. The active sites of hCAII
are located at a large cone-shaped cavity containing a catalytic
Zn2þ unit lying at the bottom of the cavity, where it is coordi-
nated in a tetrahedral geometry by the imidazole side chains of
His94, His96, His119 and one H2O or OH�. In addition, one
hydrophobic pocket cooperating with CO2 near the tetrahedral
geometry is formed by Val121, Val143, Leu198, and Trp209
[2e4]. hCAII has a wide distribution and is found in many dif-
ferent organs and cell types. It is involved in many crucial
physiologic and pathologic processes, such as bone resorption,
calcification, glaucoma and tumorigenesis [1,2]. Thus it has
become an important target for potential drug design and clin-
ical applications. Two classes of carbonic anhydrase inhibitors
(CAIs) are known: monovalent anions and sulfonamides
(RSO2NH2 or RSO2NHOH ), the latter are the most important
CAIs [5]. Many sulfonamide inhibitors are designed and
d.
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synthesized since the first sulfonamide was discovered 66
years ago [6], some of which have been clinically used as
antiglaucoma or antiepilepsy agents for decades, such as dor-
zolamide (DZA), methazolamide (MZA), dichlorophenamide
(DCP) [5].

Experimental research about CAII has been run in our lab
for several years. Preliminary studies showed that some natu-
ral products appeared to have potential inhibitory activities
against CAII [2,7]. Obviously, the interaction mechanism of
CAII and its inhibitors would be greatly helpful in discovering
its novel natural inhibitors. Recently, Supuran and co-workers
have reported a new series of sulfonamides incorporating
1,3,5-triazine and some acetazolamide derivatives which
showed potent human carbonic anhydrase II inhibitory activi-
ties with Ki values [8e10]. In this study, 3D-QSAR models
were developed based on these sulfonamide inhibitors. With
the methods of Comparative of Molecular Field Analysis
(CoMFA) and Comparative of Molecular Similarity Indices
Analysis (CoMSIA), it is possible to further understand struc-
tural features of CAII and to find out the interactions between
the structural information of these sulfonamide inhibitors and
their potential activities. And it can also provide quantitative
estimation of activity and insights into key structural elements
to design new CAII potential lead candidates.

2. Experimental methods

2.1. Data set and molecular modeling

A series of 61 potent aromatic and heterocyclic sulfonamide
derivatives [8e10] were performed in this study (Table 1). In
vitro CAII inhibitory activities were converted into the corre-
sponding pKi (�log Ki) values. The total set of CAII inhibitors
(61 compounds) was randomly divided into the training set
(51 compounds) and test set (10 compounds, labeled with an
asterisk).

The three-dimensional structures of sulfonamide derivatives
were constructed by using Sybyl program package version 6.9
[11] on a Silicon Graphic workstation. Energy minimizations
were performed using the Tripos force field [12] and the Gas-
teigereHuckel charge with a distance-dependent dielectric and
conjugate gradient method. The convergence criterion was
0.01 kcal/mol Å.

2.2. Alignment

The most important requirement for CoMFA and CoMSIA
studies is that the 3D structures were aligned according to
a suitable conformational template, which is assumed to be
one ‘bioactive’ conformation [13]. In this study, two alignment
methods were carried out. In receptor-based model the
molecules were aligned according to the bioactive conforma-
tions obtained from docking. The FlexX program (Tripos,
St. Louis, MO), which was successfully used previously in
our lab [14], was used to dock all compounds into the active
sites of CAII, and for each ligand 30 conformations were
obtained. The conformation with the best Total Score was
selected as the most probable binding conformation (bioactive
conformation). These bioactive conformations were aligned
together inside the active sites and used for CoMFA and
CoMSIA analyses. In ligand-based model the crystal structure
of the ligand (SFB555, Fig. 1) from the complex of CAII
(PDB ID: 1GID) was used as template structure for the
alignment and H2NSO2- (red color) was used as common
fragment. Compounds of the training set were aligned on
template by using ‘‘align database’’ option given in Sybyl.
Fig. 1 shows SFB555 structure and alignment structures in
the training set.

2.3. CoMFA

Steric and electrostatic interactions were calculated using
an sp3 carbon atom and a þ1 charge as steric and electrostatic
probes, respectively, with Tripos force field. The CoMFA grid
spacing was 2.0 Å in the x, y and z directions. The default
value of 30 kcal/mol was set as the maximum steric and elec-
trostatic energy cutoff. Minimum-sigma (column filtering) was
set to be 2.0 kcal/mol. The CoMFA method was also used suc-
cessfully in our lab previously in the 3D-QSAR studies of
aldehyde inhibitors of human cathepsin K [15].

2.4. CoMSIA

The CoMSIA method defines five fields: steric, electro-
static, hydrophobic, H-bond donor and H-bond acceptor,
which were calculated at each lattice interactions of a regularly
spaced grid of 2.0 Å. A probe atom with radius 1.0 Å, þ1
charge, hydrophobicity þ1.0, and H-bond donor and acceptor
properties of þ1.0 was used to calculate steric, electrostatic,
hydrophobic, and H-bond donor and acceptor fields. A dis-
tance-dependent Gaussian type functional form will be taken
into account abrupt changes of potential energy near the
molecular surface. The default value of 0.3 was used as the
attenuation factor.

2.5. Partial least square (PLS) analysis

The CoMFA and CoMSIA descriptors were used as inde-
pendent variables, and pKi values as dependent variables in
partial least square regression analysis. Cross-validation
partial least square method of leave-one-out (LOO) was per-
formed to obtain the optimal number of components used in
the subsequent analysis. The minimum-sigma (column filter-
ing) was set to be 2.0 kcal/mol (CoMFA) and 1.0 kcal/mol
(CoMSIA) to improve the signal-to-noise ratio. The optimum
number of principle components in the final non-cross-vali-
dated QSAR equations was determined to be that leading to
the highest correlation coefficient (r2) and the lowest standard
error in the LOO cross-validated predictions. The non-cross-
validation was used in the analysis of CoMFA and CoMSIA
results and the prediction of the models.
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Table 1

Structures, experimental and predicted pKi, residuals by CoMFA and CoMSIA models in the training set and test set (with *) with receptor-based method

H2N S

NH2

n

O

O

1-3
Comp. n pKi

Exp. Receptor-based model

CoMFA CoMSIA

Predicted. Residual. Predicted. Residual.

1 0 6.52 6.56 �0.04 6.46 0.06

2 1 6.77 6.88 �0.11 6.77 0.00

3 2 6.80 6.91 �0.11 6.76 0.04

H2N S

HN

n

N

N

N

Y

X

O

O

4-56

Comp. X, Y n pKi

Exp. Receptor-based model

CoMFA CoMSIA

Predicted. Residual. Predicted. Residual.

4 Cl, Cl 0 6.97 7.02 �0.05 6.95 0.02

5 Cl, Cl 1 7.89 6.98 0.91 7.92 �0.03

6 Cl, Cl 2 7.68 7.73 �0.05 7.71 �0.03

7 OH, OH 0 6.56 6.49 0.07 6.58 �0.02

8 OH, OH 1 6.89 6.93 �0.01 6.91 �0.02

9 OH, OH 2 7.01 7.09 �0.08 7.01 0.00

10 NHMe, NHMe 0 7.64 7.61 0.03 7.69 �0.05

11 NHMe, NHMe 1 7.82 7.71 0.11 7.71 0.11

12* NHMe, NHMe 2 7.57 7.77 �0.20 7.72 �0.25

13 OMe, OMe 0 7.44 7.47 �0.03 7.47 �0.30

14 OMe, OMe 1 6.95 7.38 �0.43 7.16 �0.21

15 OMe, OMe 2 7.68 7.72 -0.04 7.69 �0.01

16 OEt, OEt 0 7.70 7.61 0.09 7.48 0.22

17 OEt, OEt 1 7.08 7.18 �0.10 6.99 0.09

18* OEt, OEt 2 7.64 7.31 0.33 7.35 0.29

19* OPh, OPh 0 6.86 7.11 �0.25 6.57 0.29

20 OPh, OPh 1 6.91 6.99 �0.08 6.97 �0.06

21 OPh, OPh 2 7.08 7.05 0.03 7.16 �0.08

22* NH2, NH2 1 7.80 6.96 0.84 7.55 0.25

23 NH2, NH2 2 7.68 7.60 0.08 7.71 �0.03

24 NHNH2, NHNH2 0 7.74 7.72 0.02 7.76 �0.02

25 NHNH2, NHNH2 1 7.57 7.51 0.06 7.60 �0.03

26 NHNH2, NHNH2 2 7.51 7.54 �0.03 7.47 0.04

27 NHEt, NHEt 1 7.85 7.72 0.13 7.73 0.12

28 NHEt, NHEt 2 7.64 7.46 0.18 7.55 0.09

29* i-PrHN, i-PrHN 0 7.42 7.53 �0.11 7.43 �0.01

30 i-PrHN, i-PrHN 1 7.34 7.51 �0.17 7.50 �0.16

31 i-PrHN, i-PrHN 2 7.30 7.35 �0.05 7.35 �0.05

32 n-PrHN, n-PrHN 0 7.31 7.35 �0.04 7.24 0.07

33 n-PrHN, n-PrHN 1 7.20 7.18 0.02 7.11 0.09

34 n-PrHN, n-PrHN 2 7.08 7.21 �0.13 7.17 �0.09

35* n-BuHN, n-BuHN 0 6.84 7.37 �0.53 7.19 �0.35

36 n-BuHN, n-BuHN 1 6.76 6.75 0.01 6.80 �0.04

(continued on next page)
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Table 1 (continued )

Comp. X, Y n pKi

Exp. Receptor-based model

CoMFA CoMSIA

Predicted. Residual. Predicted. Residual.

37 n-BuHN, n-BuHN 2 6.79 6.69 0.10 6.78 0.01

38 Et2NCH2CH2HN, Et2NCH2CH2HN 0 6.67 6.59 0.08 6.63 0.04

39 [HN(CH2CH2)2N]CH2CH2HN, [HN(CH2CH2)2N]CH2CH2HN 0 6.49 6.51 �0.02 6.46 0.03

40 [HN(CH2CH2)2N]CH2CH2HN, [HN(CH2CH2)2N]CH2CH2HN 1 6.47 6.47 0.00 6.49 �0.02

41

N

OH

Me

CH2HN

HO

, N

OH

Me

CH2HN

HO
0 6.34 6.29 0.05 6.32 0.02

42

N

OH

Me

CH2HN

HO

, N

OH

Me

CH2HN

HO
1 6.22 6.19 0.03 6.23 �0.01

43*

N

OH

Me

CH2HN

HO

, N

OH

Me

CH2HN

HO
2 6.12 6.67 �0.55 6.77 �0.65

44* NMe2, NMe2 0 7.41 7.53 �0.12 7.35 0.06

45 NMe2, NMe2 1 7.48 7.65 �0.17 7.61 �0.13

46 NMe2, NMe2 2 7.46 7.43 0.03 7.41 0.05

47 NEt2, NEt2 0 7.49 7.25 0.24 7.25 0.24

48 NEt2, NEt2 1 7.21 7.23 �0.02 7.23 �0.02

49 NEt2, NEt2 2 7.11 7.01 0.10 7.17 �0.06

50 NMe2, Nn-Pr2 0 7.41 7.41 0.00 7.40 0.01

51 NMe2, Nn-Pr2 1 7.48 7.45 0.03 7.38 0.10

52* NMe2, Nn-Pr2 2 7.44 7.38 0.06 7.15 0.29

53 Cl, HN COOH 1 7.54 7.52 0.02 7.59 �0.05

54 Cl, HN COOH 2 7.49 7.43 0.06 7.46 0.03

55* Cl, HN COOMe 2 7.48 7.47 0.01 7.41 0.07

56
Cl, HN

COOH
2 7.55 7.53 0.02 7.54 0.01
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Table 1 (continued )

N N

S
SO2NH2

X

H
N

O

(         )n 

57-61

Comp. X n pKi

Exp. Receptor-based model

CoMFA CoMSIA

Predicted. Residual. Predicted. Residual.

57
O

N

1 9.05 9.05 0.00 9.02 0.03

58

N

1 8.42 8.45 �0.03 8.45 �0.03

59
N

N

1 8.74 8.77 �0.03 8.71 0.06

60
N

N

1 8.80 8.78 0.02 8.77 0.03

61
N

N

2 8.72 8.68 0.04 8.75 �0.03

S
H2N

O

O
H
N

O

Cl

SFB555

a b c

Fig. 1. Alignment of the training set: a is the template structure (common fragment in red), b is the alignment of the training set for receptor-based model and c is

the alignment on the template (green) for ligand-based model.
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3. Results and discussion

The CoMFA and CoMSIA field analyses were generated
for both the ligand-based model and receptor-based model.
The receptor-based model gave the cross-validated coefficient
q2 values of 0.623 and 0.562 for CoMFA and CoMSIA (Table
2), respectively, which were much better than those of the
ligand-based model giving the q2 values of 0.532 and 0.466.
Hence the receptor-based model was taken up for further con-
sideration. Table 1 lists experimental activities, predicted
activities and residual values of the training set and test set
by CoMFA and CoMSIA models.

3.1. CoMFA model (receptor-based model)

CoMFA analysis was performed based on the alignment of
bioactive conformations obtained from the docking of 51 com-
pounds in the training set. PLS analysis yielded a cross-vali-
dated correlation coefficient q2 of 0.566. Activity of
compound 5 in the training set is poorly predicted with resid-
uals 0.91 by this model. Performing PLS analysis omitting
compound 5 yielded q2 value of 0.623, which gave a better
result. The non-cross-validated PLS analysis gave a correlation

Table 2

Summary of CoMFA and CoMSIA model results

Component Receptor-based model Ligand-based model

CoMFA CoMSIA CoMFA CoMSIA

q2 0.623 0.562 0.532 0.466

r2 0.986 0.987 0.962 0.961

n 6 8 5 5

F value 498.1 392.0 225.3 220.4

SEE 0.080 0.079 0.130 0.131

Steric 0.464 0.143 0.434 0.160

Electrostatic 0.536 0.258 0.566 0.258

Hydrophilic e 0.223 0.234

Donor e 0.251 0.150

Acceptor e 0.125 0.198

q2, LOO cross-validated correlation coefficient; r2, non-cross-validated corre-

lation coefficient; n, number of components used in the PLS analysis; SEE,

standard error of estimate; F value, F-statistic for the analysis.

coefficient r2 of 0.986 with an SEE of 0.080. The steric and
electrostatic contributions are 0.464 and 0.536. Fig. 2 shows
correlation between the experimental activities and predicted
ones in the training and test sets by this CoMFA model.

The CoMFA contour plots of steric and electrostatic inter-
actions are shown in Fig. 3. In Fig. 3a, one big green contour
around the 1,3,5-triazole ring indicates that steric bulk is
favored for activity in these areas. This can be explained by
the fact that it shows stronger activity when one hydrogen
atom of amido is substituted by the 1,3,5-triazole ring. For
example, compounds 10, 13, 16, 44, and 47 are more active
than compounds 1, 2 and 3. There are one big yellow contour
and two medium yellow contours (one is behind the green con-
tour) away from the 4- and 6-position of the 1,3,5-triazole
ring, which indicate that steric bulk is disfavored for activity
in these areas. For example, the inhibitory activity of com-
pounds 27, 33, 36, 40 and 42 is ordered as 27> 33>
36> 40> 42. Moreover, as the number of methylene (n)
increased from 0 to 2, activity of some compounds decreased
such as 32> 33> 34, 41> 42> 43 and 47> 48> 49.

In Fig. 3b, there is one big blue contour around the 4- or 6-
position of the 1,3,5-triazole ring, which indicates that any
positive charge is favored for activity in these areas. This
can be explained by the fact that compounds 22 and 23 are
strongly active than compounds 8 and 9. One medium blue

6

7

8

9

10

pKi

pr
ed

ic
te

d

←
↑

training set
test set

compound 22

compound 5

6 7 8 9 10

Fig. 2. Experimental activities versus predicted activities for compounds in the

training and test sets using CoMFA model.
Fig. 3. CoMFA contour maps in combination with compound 27: (a) the steric field distribution; (b) the electrostatic distribution. Sterically favored areas in green;

sterically disfavored areas in yellow. Positive potential favored areas in blue; negative potential favored areas in red. (c) H-bond interactions of compound 57

(green) with active sites of CAII.
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contour near the benzene ring seems to be contradictory with
the red contour which is away from the benzene ring. This
may explain that when n¼ 2 the substituting groups in 4- or
6-position of the 1,3,5-triazole ring can superpose with the
benzene ring. One small red contour above 1,3,5-triazole
ring indicates that negative charge group is favored for activity
in these areas. The fact that one hydrogen substituted by the
triazole ring greatly increases the activity can explain it. The
red contour away from benzene ring indicates that any nega-
tive charge group is favored for activities in these areas. Ac-
cording to the receptor-based alignment, the 1,3,4-thidiazole
ring of compounds 57e61 was in the same areas of benzene
ring. Then the fact that heterocyclic sulfonamides (57e61)
are more active than benzene sulfonamides may interpret the
red contour away from benzene ring. Performing a particular
study of compounds 57e61 showed that the atoms N3 and
N4 of 1,3,4-thidiazole ring can form four H-bond interacting
with Thr199 and Thr200 and O12 have H-bond interaction
with Thr200 (Fig. 3c).

3.2. CoMSIA model (receptor-based model)

CoMSIA analysis was performed using the following
descriptor fields: steric, electrostatic, hydrophilicity, H-bond
donor and H-bond acceptor. The CoMSIA results are summa-
rized in Table 2. A cross-validated correlation coefficient q2 of

6

7

8

9

10

6 7 8 9 10
pKi

pr
ed

ic
te

d
training set
test set

Fig. 4. Experimental activities verse predicted activities for compounds in the

training and test sets using CoMSIA model.
0.562 and a non-cross-validated correlation coefficient r2 of
0.987 with SEE of 0.079 were obtained when all the five de-
scriptors were considered. These results indicate that a reliable
CoMSIA model was successfully constructed. Fig. 4 shows the
experimental activities versus predicted ones in the training
and test sets by this CoMSIA model.

Fig. 5a and b shows the steric and electrostatic contour
maps of the CoMSIA model, which are similar to the CoMFA
model maps in Fig. 3a and b.

Fig. 5c described an overlay of the hydrophobic CoMSIA
field with the active sites of CAII. Two yellow hydrophobic
favored contours corresponding to the benzene ring and meth-
ylene group are satisfied by Leu198 and Phe131. There is one
big white hydrophilic favored contour around the 1,3,5-tria-
zole ring, which is partly surrounded by a hydrophilic pocket
formed by His64, Thr200 and Pro201 and partly exposed in
solvent.

Fig. 6a depicts an overlay of H-bond donor field distribu-
tion of CoMSIA model with the active sites of CAII. One
big cyan contour near the sulfanilamide eNH2 indicates that
proton acceptors are expected in the receptor, which can be
interpreted by the H-bond acceptor of His94 and His119.

Fig. 6b depicts an overlay of H-bond acceptor field distribu-
tion of CoMSIA model with the active sites of CAII. One big H-
bond acceptor magenta contour near the sulphonyl indicates that
proton donors are favored for activity in these areas in the recep-
tor, which is satisfied by the proton donor of Thr199 and Thr200.

3.3. Outliers

In CoMFA model there were two outliers of compounds 5
and 22 with the residuals of 0.91 and 0.84, respectively. The
substituting groups of 5 and 22 are Cl and NH2, respectively,
which are both hydrophilic and are H-bond acceptor or donor.
They may have hydrophobic and H-bond interactions with
amino residues of CAII and these interactions may be impor-
tant to their activities. However, comparing CoMFA and CoM-
SIA methods, CoMFA analysis does not consider hydrophobic
and H-bond fields. So activities of 5 and 22 may not be pre-
dicted exactly by CoMFA model but could be predicted well
Fig. 5. CoMSIA contour maps in combination with compound 27: (a) the steric field distribution; (b) the electrostatic field distribution; (c) the hydrophobic field

distribution projected in the active sites. Sterically favored areas in green; sterically disfavored areas in yellow. Positive potential favored areas in blue; negative

potential favored areas in red. Hydrophobic favored areas in yellow; hydrophilic favored areas in white.
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Fig. 6. CoMSIA contour maps in combination with compound 27 (green) projected in the active sites: (a) CoMSIA H-bond donor field distribution; (b) CoMSIA H-

bond acceptor field distribution. H-bond donor favored areas in cyan; H-bond donor disfavored areas in purple. H-bond acceptor favored areas in magenta; H-bond

acceptor disfavored areas in red.
by CoMSIA model (residuals of �0.03 and 0.25 for 5 and 22,
respectively). Those may be the reason that compounds 5 and
22 were poorly predicted by CoMFA model.

3.4. Validation

Ten randomly selected compounds were used as the test set
to verify the constructed CoMFA and CoMSIA models. Calcu-
lated results were listed in Table 1 and displayed in Figs. 2 and
4. The predicted pKi with these 3Q-QSAR models are in good
agreement with the experimental data within a statistically tol-
erable error range, with a correlation coefficient of r2¼ 0.35
and 0.62 for CoMFA and CoMSIA models, respectively. In
CoMFA model, compound 22 is poorly predicted (re-
siduals¼ 0.86), but the r2 value rose to 0.74 omitting com-
pound 22. Testing results indicate that the CoMFA and
CoMSIA models could be reliably used in novel inhibitors de-
sign for developing drug leads against CAII.

4. Conclusion

The ligand-based and receptor-based 3D-QSAR analyses of
61 sulfonamide inhibitors of CAII were carried out using
CoMFA and CoMSIA models. Comparing these two methods,
the receptor-based model gave q2 and r2 values for CoMFA
and CoMSIA of 0.623 and 0.986, 0.562 and 0.987, respec-
tively, which were much better than those of the ligand-based
model. The consistency between CoMFA and CoMSIA field
distributions shows the robustness of these 3D-QSAR models.
Results of CoMFA and CoMSIA field analysis suggested that
heterocyclic sulfonamide inhibitors of CAII are more active
than aromatic sulfonamide inhibitors, in the latter 1,3,5-tria-
zole group substituting one hydrogen atom of the amido is fa-
vored and the moderate groups in its 4- and 6-position are
required. Thus, the information obtained from this study can
be utilized to further develop novel inhibitors of CAII.
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